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Abstract^ CIELAB color parameters L*, C* ab , h ab and <[DELTA]E* ab > in aggregate surface, aggregate core, and crushed Página 1 de 11 Ovid: Sanchez Maranon: Soil Sci, Volume 162(11). November 1997.833-842 soil samples from 19 Mediterranean red soils were studied. The relationship between these color parameters and other soil characteristics was examined. Color parameters in aggregate samples were significantly different (ANOVA) from those in crushed samples although, according to a factor analysis, the color parameters in these two soil sample types were related. This factor analysis also showed h ab (hue-angle) and L* (lightness) in aggregates to be master variables for two factors, which accounted for 77.2% of the total variance in color parameters. The pedoenvironmental variables-soil horizon, altitude, slope, vegetation, and soil moisture regimewere sources of variation (ANOVA) in soil color parameters. Texture, organic carbon content, cation exchange capacity, and mineralogical composition in fine earth and clay fraction were the analytical characteristics correlated most strongly with soil color. CIELAB color parameters L* and h ab (which, as Munsell value and hue, represent the color perception attributes lightness and hue) in soil aggregate samples were shown to be very useful for defining and characterizing color in Mediterranean red soils because of their relationship with the soil characteristics studied.
Soils as red or redder than Munsell hue 5YR are identified as red soils (Tavernier and Sys 1986; Eswaran 1988) . Red and reddish soils in a Mediterranean climate are found in the regions around the Mediterranean Sea, central coastal California, central Chile, some areas of South and Southwest Australia, and the southern end of South Africa. These soils have an argillic horizon and generally belong to the Alfisols order of Soil Taxonomy (Soil Survey Staff 1975; Torrent 1995) . They are soils with a moderate degree of alteration and with neoformation of clays 1:1 and 2:1 (Guerra 1972; Pédro 1984) .
The rubefaction process which causes the red color in these soils, is the result primarily of the formation of iron oxides, mainly hematite (Kemp 1985; Joauffre et al. 1991; Torrent 1995) . Iron oxides are yellow, orange, and reddish (Schwertmann 1993) and exhibit very small particle size in soils compared with other soil minerals (Schwertmann 1988) , which favors their capacity for pigmentation.
Although color is the most important visible characteristic of Mediterranean red soils, research into this is scarce and does not examine different color parameters individually. In previous studies, the relationship of redness to iron oxides (Torrent et al. 1980) or to aspects of soil genesis related to iron oxides (Arduino et al. 1984; Díaz and Torrent 1989; Delgado et al. 1994) has been investigated.
The quantification of soil color is carried out from spectral reflectance, using different techniques and systems of color representation (Fernández and Schulze 1987; Bedidi et al. 1992; Wutscher and McCollum 1993; Torrent and Barrón 1993) . The International Commission on Illumination (CIE) has laid down guidelines with respect to the measurement of color (CIE 1986) , and recommends the use of CIELAB as a uniform space that is used widely at present (CIE 1995) . Melville and Atkinson (1985) have emphasized the usefulness of this color space for designation of soil color. Although the Munsell system is the most familiar and useful to soil scientists, the CIELAB system has also been used recently with satisfactory results (Barrón and Torrent 1986; Nagano et al. 1994; Sánchez-Marañón et al. 1995) . In addition, Soil Survey Staff (1975) establishes that when describing soil color, the soil aggregates must be broken and crushed in each case to determine soil color because a marked contrast of color is common.
Statistical analysis techniques are used frequently in the study of soils, especially in the analysis of information about diverse aspects of the soil provided by color. Statistical analysis techniques such as analysis of variance (Ulery and Graham 1993) , regression analysis (Qian et al. 1993; Post et al. 1994) and multivariate analysis (Mokma 1993; Sánchez-Marañón et al. 1996) have been used mainly to relate soil color and soil characteristics.
The present study was focused on quantitative color measurements of Mediterranean red soils using the CIELAB system and considering three types of samples: aggregate surface, aggregate core, and crushed soil. Using statistical analysis, we investigated the relationships both between color parameters measured in different types of samples and between these parameters and the main characteristics of soils. We were particulary interested in determining which color parameters and which type of sample provide most information about the characteristics of Mediterranean red soils. Although the CIELAB system was used, the results have been discussed in such a way that it is possible to relate it to the Munsell system. Munsell and CIELAB systems have a similar cylindrical structure, and the color parameters h ab , L*, C * [over] ab (CIELAB) as hue, value, chroma (Munsell) represent the same color perception attributes (hue, lightness, chroma).
MATERIAL AND METHODS^
Thirty-six soil horizons (A and Bt) from 19 profiles of Mediterranean red soils sampled in North and Central Italy and Southern Spain were studied (Table 1 ). The soils were Alfisols and Mollisols with an argillic horizon (Soil Survey Staff 1994) developed on carbonated sedimentary rocks (limestones, dolomites, and conglomerates). The soil temperature regime was mesic, and the soil moisture regime was xeric, except in some soils of Northern Italy where it was udic (soil profiles I-4, I-5, I-6, I-7). The following analytical characteristics were determined in fine earth (< 2 mm): sand, silt, and clay percentage by sieving and the pipette method; pH in a 1:1 water-soil mixture; organic carbon content by the Tyurin method; CaCO 3 content with a Bernard calcimeter; total nitrogen with the Kjeldhal method; exchangeable ions and base status with ammonium and sodium displacement solutions (American Society of Agronomy (ASA) and Soil Science Society of America (SSSA) 1982 (SSSA) , 1986 . The percentage of free forms in fine earth was estimated by atomic absorption spectrophotometry in ammonium oxalate (Mckeague and Day 1966) and citratedithionite extracts (Holmgren 1967) . Mineralogical analysis in fine earth and clay fraction was carried out by X-ray diffraction using a Philips Pw 1140 and a Rigaku-Miniflex Ca 2005 equipped with a nickel filter and CuK[alpha] radiation. Mineral species were identified according to Joint Committee on Powder Diffraction Standards (JCPDS) and American Society for Testing and Materials (ASTM) criteria (1974, 1981) . Quantitative interpretation was carried out using the intensity factors method on powder and oriented aggregates diagrams (Schultz 1964; Delgado et al. 1982) .
Soil color was measured in the laboratory with a SpectraScan PR-704 spectroradiometer in three types of air-dried samples that were placed in a Verivide cabinet with a light source that simulated D65 illuminant. Color was measured on the surface of the soil aggregates, in their interior after breaking them open with forceps, and also in wafers with crushed and smoothed soil material. The experimental conditions of the measurements and the representation in CIELAB color space were carried out in accordance with CIE (1986) and Sánchez-Marañón et al. (1995) . In each soil sample, color was measured at 10 different points in order to obtain the mean color and the variability between different points. In the crushed samples, color variability was within the instrumental error of the spectroradiometer (Photo Research 1991) . Consequently, these soil samples were considered to be of uniform color. To express the spectroradiometric measurements in the Munsell system, Von Kries type transformations were employed (to pass from illuminant D 65 to illuminant C/2deg.) in conjunction with the Munsell Renotation System (Newhall et al. 1943 ).
The CIELAB color variables L* (lightness), C* ab (chroma), h ab (hue-angle), and <[DELTA] E* ab > (mean of color-differences between different points in an aggregate) were analyzed statistically. The coordinates a* and b* were excluded a priori from these analyses because of their dependence on C* ab and h ab , and because they are not related directly to perceptible attributes of color. The main statistical techniques used were: one-way analysis of variance (ANOVA), using multiple-range test of least significant differences (LSD); factor analysis, using Kaiser varimax orthogonal rotation; and correlation analysis. The conditions of normality and homoscedasticity (Sachs 1984) were examined both using statistical tests and graphically with the residuals. Statistical analyses were performed with Statgraphics software (Statistical Graphics Corporation (STSC) 1991) .
RESULTS AND DISCUSSION^
Analytical Characteristics and Soil Color^ Table 2 shows some of the main analytical characteristics of the soils. The Munsell color of the Bt horizons described in the field by the soil surveyor was redder than 5YR; there was a significant clay content; pH was greater than 7 except in Rhodoxeralfs and Paleudalfs, where it was between 5.5 and 7; and carbonates in fine earth appeared only in Haploxeralfs. Although not included in Table 2 , it was found that the fine earth mineralogy was composed of phyllosilicates, goethite, hematite, tectosilicates (quartz + sodium feldspar + potassium feldspar), and carbonates (calcite + dolomite). The clay fraction was composed of illite, kaolinite, swellable minerals of 1.4 nm (smectite + vermiculite), interstratified phases, tectosilicates (quartz + sodium feldspar + potassium feldspar), and the iron forms goethite and hematite. Kaolinite was always an abundant phase in the clay fraction, while illite was abundant only in the soils with a xeric moisture regime, and the 2:1 phases were especially abundant in soils with a udic regime. In some soils (e.g., Argiudoll, Table 2 ) the values of the soil characteristics in the A and Bt horizons were very similar, which could indicate that the current A horizon developed from a former E or B horizon. The results of the quantitative measurements of soil color performed in the laboratory are summarized in Table 3 . The color of the samples was between 6.70 and 21.04 for a*, between 13.90 and 33.22 for b*, and between 25.63 and 63.83 for L*. In all color parameters, the sample distribution was fitted to the normal distribution (e.g., Kolmogoroff-Smirnof Goodness of fit test varied between D = 0.19, P = 0.14 and D = 0.07, P = 0.99). The coefficients of variation of the CIELAB parameters showed that the color of the crushed samples was less variable than that of the aggregate samples (surface and core). The parameter <[DELTA]E* ab >, indicative of the degree of uniformity of the color of an aggregate, exhibited the greatest variability. The <[DELTA]E* ab > was not computed in crushed soil samples because the color of each sample was very uniform. TABLE 3 Summary statistics of CIELAB color parameters of all soil samples (n = 108) from spectroradiometric measurements
The spectroradiometric measurements obtained from Bt horizon samples, when expressed in terms of the Munsell system (Table 4 ), showed that the hue of 11 aggregate samples was within the limits that define red soils (5YR or redder), and eight samples were outside these limits, in disagreement with the visual measurements in the field. Both the lack of control of the illuminant and in the experimental observation conditions, and the difficulties using soil color charts (Melville and Atkinson 1985) , could explain this disagreement. A certain yellowishness of the soil color (larger Munsell hue) and an increase of Munsell chroma and value were observed in the crushed samples with respect to aggregate samples. This dramatic change in soil color was attributed mainly to the decrease in particle size, to the more compact arrangement of all pigmented particles, and to the smoothness of the surface in crushed samples (Torrent and Barrón 1993; Sánchez-Marañón et al. 1995) . 
Relationship between Color Parameters in Different Types of Soil Sample^
The differences between the CIELAB parameters L*, C* ab , h ab , and <[DELTA]E* ab > in the three types of soil sample studied were examined using analysis of variance (Table 5 ). All color parameters (response variables) were affected by sample type, although the differences were significant at P < 0.05 for levels 1 and 3 (aggregate surface and crushed soil) and for levels 2 and 3 (aggregate core and crushed soil). However, there was no significant difference between levels 1 and 2. Neither was there a difference between aggregate surface and aggregate core for the variable <[DELTA]E* ab >. Therefore, these two types of soil sample constitute a single population in terms of color, different from the color population of crushed samples. This can be explained by the high clay content and by its mineralogical nature (Table  2) , which cause shrinking and swelling processes. This, in turn, leads to disruption of clay coatings (Delgado et al. 1994) and consequently to the lack of color differentiation between the surface and the interior of the aggregates. As there is a single color population in the soil aggregates, from here on we will use the mean between aggregate surface color and aggregate core color, henceforth referred to as color, in aggregate sample. TABLE 5 Analysis of variance for CIELAB color parameters by sample type: level 1 = aggregate surface (n=36); level 2 = aggregate core (n=36); level 3 = crushed soil (n=36)
The next stage of the study of color in Mediterranean red soils was to perform a factor analysis with the color parameters in aggregate (mean of aggregate surface and aggregate core) and crushed samples. Factor analysis (Table 6 ) was interpreted by considering the factors obtained, the loadings of each variable on a factor, and covariants. Three groups of variables (factors) accounted for 90.5% of the total variance of the color system in the red soils studied. Factor 1, designated the "hue factor," comprised three variables with large loadings; the hueangle variable in aggregate (load = 0.942) and in crushed sample (load = 0.929), both of which were inversely aligned with chroma in crushed sample (load = -0.919). This factor indicates that soil reddening (low hue-angle) increases when chroma in crushed samples also increases. In terms of soil genesis, this can be interpreted as an increase in red mineral pigments in the soil mass (Fernández and Schulze 1992) . Factor 2, called the "lightness factor," showed that aggregate lightness, crushed soil lightness, and aggregate chroma (variables highly loaded on this factor) were aligned in a positive way. Thus, there is a direct relationship in soil aggregates between lightness and chroma. These first two factors accounted for 77.2% of the total variance in the color population. Factor 3 consisted of a single variable with a large loading (<[DELTA]E* ab >). The variables with largest loadings on these factors (master variables) were the parameters hue-angle h ab in aggregate (0.942 on the factor 1), lightness L* in aggregate (0.897 on the factor 2), and color-differences < [DELTA]E* ab > in aggregate (0.989 on the factor 3). Moreover, factor analysis showed that there was covariance between the color parameters in aggregate and crushed samples. Thus, the soil crushed color variables can, to a large extent, be explained by aggregate color variables. As an example, hue-angle in crushed sample (h ab cs) can be calculated from the 
Relationship between Color Parameters and Soil Characteristics^
The study of the relationship between soil color and other soil characteristics was initiated by investigating the response of soil color, in aggregate and crushed samples, in relation to some general characteristics of the soils. Analysis of variance was performed using different classification variables and levels (Table 7) . For soil aggregates color, the sources of variation for some color variables were: soil horizon type, altitude, vegetation, soil moisture regime, and slope. Horizon type was the only classification variable influential in color differentiation in crushed samples. Other classification variables were also tested: location (levels 1-Spain, 2-Italy), soil thickness (levels 1-<60 cm, 2-60 to 120 cm, 3->120 cm) and parent material (levels 1-limestone, 2-other carbonated materials), but with these there were no significant differences for the response variables (color parameters). Table 7 , revealed three important relationships between soil color in aggregate samples and pedoenvironmental variables. First, it was found that reddening of the soil (represented by CIELAB hue-angle or Munsell hue) was influenced by horizon type and altitude. Hue-angle (h ab ) of the Bt horizons (mean = 57.02) was significantly (P < 0.05) redder than that of the Ah horizons (mean = 60.62). This is attributable to the joint migration of the clay and iron forms in the Bt horizon (Delgado et al. 1994) . Furthermore, the soils were not as red at altitudes of more than 1000 m (mean h ab = 62.12), with no significant difference of hue-angle below this height (below of 350 m the mean h ab was 57.54; between 350 and 1000 m the mean h ab was 57.30). The higher temperatures and greater duration of the annual dry period at altitudes of less than 1000 m, with the consequent increase in dehydration of the iron forms, could be the cause of this greater reddening (Schwertmann 1985) . Second, the soil color attribute lightness, represented here by CIELAB L* (similar to Munsell value) was affected by vegetation type and soil moisture regime. The L* variable was smaller (darker) in soils with a vegetation cover of pine (mean L* = 31.76) and in those soils with a udic moisture regime (mean L* = 31.19), than in those soils with a vegetation cover of live oak (mean L* = 36.23) and scrub (mean L* = 36.55) or soils with a xeric regime (mean L* = 35.92). This could be attributable to the effect on the soil color of the variations in the composition and quantity of soil humus (Orlov 1992; Schulze et al. 1993) , caused by differences in climate and vegetation. Finally, the parameter <[DELTA]E* ab > varied with slope, in such a way that the color of the soil aggregates became more uniform with increasing slope (for slopes <10% the mean <[DELTA]E* ab > was 3.96; for slopes >10% the mean <[DELTA]E* ab > was 2.85). This is a very interesting result but not easily interpreted. The <[DELTA]E* ab > could reflect the degree of anisotropy in the soil mass. Therefore, a larger variability of color between different points in a soil aggregate (high <[DELTA]E* ab >) would indicate more anisotropy. Consequently, the soils with the steepest slope would be the most isotropic (low <[DELTA]E* ab >). There is still no clear interpretation for this result.
With respect to the crushed samples, soil horizon type affected the chroma (Table 7) in such a way that the Ah horizons were less chromatic than the Bt horizons (mean C* ab = 30.16 and 34.12, respectively). As was mentioned before, this is related to the greater quantity of iron forms in the Bt horizon because of alteration and illuviation.
These observations suggest that the color of the soil aggregate samples, particularly the parameters h ab and L*, provide the most information about the pedoenvironmental variables of soil horizon, altitude, vegetation, and soil moisture regime.
In the last part of this work, correlation analysis was used to assess the relationship of soil color, measured in aggregate and crushed samples, with the mineralogical and analytical characteristics studied in the soils (Table 8 ). The following characteristics did not appear to be related to any color parameters (P < 0.05): pH, base saturation, exchangeable K + and Mg ++ content, tectosilicate content in fine earth and in clay fraction, and illite content in clay. The rest of the soil characteristics used (23 out of 30) showed significant correlation at 0.05, 0.01, and 0.001 probability levels, with one of the color parameters. Color parameters L* and h ab were those with the greatest number of correlations and provided most information regarding texture, cation exchange capacity, and composition of the red soils studied.
TABLE 8 Correlation analysis between soil color (measured in aggregate and crushed samples) and various analytical and mineralogical charcteristics (n = 36) † Lightness L* was highly (P < 0.001) and positively correlated (Table 8) with content of sand and carbonate (as calcite + dolomite or as equivalent CaCO 3 ), and negatively correlated with cation exchange capacity, content of organic carbon, clay, Fe, Al, and Si extracted with ammonium oxalate, phyllosilicates content in fine earth, and content in clay fraction of swellable minerals at 1.40 nm, interstratified phases, and kaolinite. The negative relationships between L* and free forms of Fe, Al, and Si, suggest that these contribute to the darkening of the soils, either individually or associated with organic material. The presence of dark Fe oxides in soils has been revealed by Schwertmann (1993) , who attributed its color to certain characteristics of Fe oxide (e.g., particle size, aggregation, and isomorphous substitution) or to unions and masking with humic materials or Mn oxides. The negative correlation of L* with clay and phyllosilicates content in fine earth, may be caused by the epitaxial relationship of free oxides and humic compounds with phyllosilicates, favored by their superficial activity. The phyllosilicates act as a support for the other pigments. Were this not so, the increase in phyllosilicates content (white or greyish pigments) would cause an increase in L*. The relationships between free forms and phyllosilicates (e.g., Fe cd -phyllosilicates r = 0.69; Fe ox -kaolinite r = 0.63; Fe ox -swellable clay minerals r = 0.55) tend to confirm this. The carbonates act as true white pigments and not as a support for other pigments. Consequently, there is a positive correlation with L*.
At P < 0.001, hue-angle h ab was correlated with the content of clay, Fe and Si extracted with citrate-dithionite, Si extrated with ammonium oxalate, and kaolinite and hematite from the clay fraction. The correlation between hematite and h ab shown in Table 8 corresponds to the crushed samples. However, it should be noted that in aggregate samples, the correlation coefficient was very similar (r = -0.52, P < 0.01). These results tend to confirm the facts listed earlier in the study about the relationship between red color and iron forms and the simultaneous processes of argillization and rubefaction. Furthermore, the convergence of reddening and increasing kaolinite production in these soils is shown, as was noted by Delgado et al. (1994) , who reported the formation of more 1:1 clays than 2:1 clays in Mediterranean red soils as evolution progressed and the color was more reddish. Chroma C* ab was most strongly negatively correlated with organic carbon content, which has also been described for other soils (Dobos et al. 1990; Mokma 1993) , and most strongly positively correlated with sand content (r = 0.52, P < 0.01). The parameter <[DELTA]E* ab > was only correlated with swellable clay minerals (r = -0.41, P< 0.05). This means that the color of the aggregate becomes more uniform as content of these minerals increases, which may be attributable to the processes of shrinking and swelling mentioned in the second part of the discussion.
When the correlations for two types of soil sample (aggregate and crushed) were compared (Table 8) , the signs of the correlations coincided, but the number of cases with slightly higher correlation coefficients was greater in aggregate samples than in crushed samples (14 for aggregate samples compared with 6 for crushed samples). This provides futher evidence for the greater informational value of color in soil aggregates with respect to crushed soil samples.
CONCLUSION^
Analysis of variance showed that with reference to the CIELAB color parameters L*, C* ab , h ab and <[DELTA]E* ab >, measured in the three types of samples of Mediterranean red soils, color in the aggregate surface was not significantly different from that in the aggregate core and both were different from color in the crushed sample. Factor analysis documented covariance among color parameters in soil aggregates, and also in color parameters in crushed soil samples, and it also identified the color parameters in aggregates L*, h ab and < [DELTA]E* ab > as being those that provide maximum information regarding soil color. L* and h ab in aggregates were master variables on the first two factors, which accounted for 77.2% of the total variance.
With regard to the relationship between color parameters and soil characteristics, analysis of variance detected that soil horizon type, altitude, slope, vegetation, and soil moisture regime were the pedoenvironmental variables that induced significant differences in color parameters, particularly L* and h ab , of soils studied here. The analytical soil characteristics most strongly correlated with soil color parameters were texture, organic carbon, cation exchange capacity, and various mineral components of the clay and fine earth fraction.
The statistical analyses leads to the conclusion that the CIELAB parameters lightness L* and hueangle h ab , measured in aggregate samples, provide the most information about soil color and other related soil characteristics. It is suggested that in order to define the color of Mediterranean red soils, emphasis should be placed on the role of lightness-darkness as a diagnostic parameter, together with the amount of red hue.
